Abstract Intermittent fasting (IF) reportedly increases resistance and intestinal IgA response to Salmonella typhimurium infection in mature mice. The aim of this study was to explore the effect of aging on the aforementioned improved immune response found with IF.
Introduction
Intermittent fasting is a dietary restriction regimen that increases resistance to age-associated conditions such as obesity . According to evidence from mouse and rat models, susceptibility to Salmonella typhimurium infection is age-dependent, being lower in young adults and higher in very early or late stages in life (Bradley and Kauffman 1990; Burns-Guydish et al. 2005; Emmerling et al. 1979; Ren et al. 2009; Rhee et al. 2005) . S. typhimurium is used as a rodent model of human typhoid fever by Salmonella typhi. Therefore, the effect of intermittent fasting on susceptibility to bacterial infection at different life stages is of particular interest.
The experimental protocol for intermittent fasting in rodents consists of alternate days of ad libitum feeding and food deprivation for three or more months (Anson et al. 2003; Duan et al. 2001; Singh et al. 2012) . As a result of this protocol, the cellular stress response reportedly triggers the production of proteins that protect against age-associated detrimental effects of oxidative damage (Li et al. 2013) . Clinical studies have shown that fasting strengthens intestinal immunity by maintaining adequate levels of intestinal immunoglobulin A (IgA) in patients suffering from skeletal, muscular, and connective tissue diseases (Beer et al. 2001) . In BALB/c mice, intermittent fasting increases both the intestinal level of IgA and resistance to S. typhimurium infection (Godinez-Victoria et al. 2014) .
S. typhimurium is an invasive intracellular pathogen that causes both intestinal and extra-intestinal infection in susceptible mouse strains like BALB/c. After being orally ingested by BALB/c mice, S. typhimurium passes through the stomach, reaches the intestine, and colonizes the intestinal epithelium. The pathogen eventually traverses this tissue layer, usually via M cells that cover the luminal surface of Peyer's patches. At the subepithelial level, the bacteria survive within macrophages and are transported to the liver and spleen via mesenteric lymph nodules, where they replicate and eventually cause systemic infection (Watson and Holden 2010) .
Susceptibility to infections by enteropathogenic agents in older animals results from dysfunctions in antigen uptake by M cells, antigen presentation, B isotype switching, IgA+ B cell maturation and homing, IgA+ plasma cell secretion, and IgA transport via pIgR (Schmucker et al. 2003) . A previous report showed an association between resistance to S. typhimurium infection and the intestinal generation of IgA (GodinezVictoria et al. 2014) . IgA is released in the intestinal lamina propria by IgA+ plasma cells, mainly as a dimer (or polymer) joined by the J-chain. Dimeric IgA (dIgA) is captured by polymeric immunoglobulin receptors (pIgRs) expressed on the basolateral membrane of the epithelial layer. The dIgA-pIgR complex is internalized and transcytosed to the apical membrane. There, the extracellular region of pIgR is proteolytically cleaved and released into the lumen along with dIgA to render secretory IgA (SIgA) (Asano and Komiyama 2011) . SIgA and pIgR have an essential role to the control of an S. typhimurium infection at the intestinal level by blocking luminal colonization, thus enabling bacterial clearance (Michetti et al. 1992; Wijburg et al. 2006) .
Experimental studies in animals have shown that aging decreases the frequency (expressed as a percentage) and number of intestinal IgA+ B lymphocytes and antibody-secreting cells (Ebersole et al. 1988 ; Van der Heijden et al. 1988) , as well as increasing the total number of intestinal IgA+ plasma cells. Although aging does not alter the antibody secretion ability in animal models, it impairs the anamnestic capacity and specific antigen response (Ebersole and Steffen 1989; Thoreux et al. 2000) . Therefore, intestinal levels of IgA may be unaffected or even augmented in aged animals, but the ability of IgA to bind to bacterial antigens is impaired (Ebersole et al. 1985; Santiago et al. 2008; Senda et al. 1988) . IgA levels can be affected by pIgR expression. Whereas an in vitro study showed that pIgR expression is unchanged with aging (Daniels et al. 1988 ), according to an in vivo study (Yanagihara et al. 2004) , this parameter is decreased by the aging process.
The aforementioned study evidencing that intermittent fasting increases both intestinal levels of IgA and resistance to S. typhimurium infection was carried out on mature BALB/c mice from the age of 19 to 30 weeks (Godinez-Victoria et al. 2014) . The aim of the present study was to evaluate the effect of long-term intermittent fasting on the IgA response and on the outcome of an S. typhimurium infection in middle-aged BALB/c mice from 19 to 59 weeks of age (for a total of 40 weeks).
Material and methods

Animals
Eight-week-old male BALB/c mice (from Harlan Sprague-Dawley) were individually housed and handled in accordance with Mexican federal regulations for animal experimentation and care (NOM-062-ZOO-1999, Ministry of Agriculture, Mexico City, Mexico). The protocol was approved by the Institutional Animal Care and Use Committee and Institutional Ethics Committee of the Superior School of Medicine, National Polytechnic Institute.
For the purpose of this study, the life phases of BALB/c mice are considered as follows: maturity from 3 to 6 months of age, middle age from 10 to 15 months, and old age from 18 to 24 months (Anisimov et al. 2011; Flurkey and Harrison 2007) . From 15 to 18 months of life, BALB/c mice show changes in senescence in some biomarkers of aging (Flurkey and Harrison 2007) . Very old mice are highly vulnerable to illness because of the cumulative influence of aging (Yuan R et al. 2009 ). Thus, the present approach was carried out with middle-aged BALB/c mice that underwent intermittent fasting or ad libitum feeding for 40 weeks before being subjected to an S. typhimurium infection.
Experimental protocol
Forty-two mice were fed ad libitum with the NIH-31 (7017 Harlan Lab Madison WI, USA) diet from 8 to 18 weeks of life before being divided in two groups (n = 21 each) and subjected to distinct protocols from 19 to 59 weeks of life. Whereas one group was subjected to intermittent fasting, the other one continued with ad libitum feeding (Fig. 1) . Food was always removed and replaced at 1 p.m. Body weight as well as food and caloric intake was assessed weekly (on the same day of the week and at the same time of day) from 19 to 62 weeks of life. Energy intake was calculated based on the fact that the energy density of each gram of NIH-31 is 3 kcal, an estimate of metabolizable energy based on the Atwater factors assigning 4 kcal/g to proteins, 9 kcal/ g to fat, and 4 kcal/g to available carbohydrates Harland Lab) .
At 60 weeks of life, within the ad libitum feeding and intermittent fasting groups, mice were subdivided into uninfected (n = 7) and infected (n = 14) groups. The uninfected animals were sacrificed at 61 weeks of life, thus representing basal groups under healthy conditions. The infected groups were administered a sublethal dose (10 4 colony-forming units (CFU)) of S. typhimurium (ATCC-14028, Manassas, VA, USA) by the intragastric route (Drago-Serrano et al. 2010 ) at 60 weeks of life. After infection, all mice regardless of the previous dietary regimen were fed ad libitum to prevent mortality. Infected mice were further divided into two subgroups (n = 6 or 7 each), to be sacrificed by a lethal dose of pentobarbital (180 mg/kg body weight) injected by intraperitoneal route at 7 or 14 days post-infection, corresponding to 61 or 62 weeks of life, respectively. For all mice, sacrifice was performed at 11:00 a.m. after having removed food 4 h previously in order to facilitate the collection of samples by decreasing the ingesta.
Sample collection
Following infection, freshly voided fecal pellets were collected daily from each mouse (at 8-9 a.m.). Pellets were weighed to relate their mass (g) to the number of bacteria and, in this way, compute the CFU per gram of sample in order to estimate the bacterial elimination. After sacrifice, animals were exsanguinated by cardiac puncture with a heparinized syringe. Blood samples were centrifuged at 650×g at room temperature, and the plasma samples were collected and stored at −70°C to await corticosterone quantification.
Samples of Peyer's patches from duodenum, spleen, and liver were excised from all mice and weighed in order to enumerate bacterial load by the plate count method. For comparative purposes, the duodenum was analyzed as in a previous study exploring the effect of intermittent fasting on the outcome of S. typhimurium infection in mature BALB/c mice at 30 weeks of life (Godinez-Victoria et al. 2014) . Thus, duodenum samples were dissected and flushed with 5 mL of sterile phosphate-buffered saline (PBS) at pH 7.4, and intestinal contents were centrifuged at 10,000×g at 4°C for 20 min. Intestinal supernatants were collected and mixed with a protease inhibitor cocktail (Cat. No. 11 836 153 001 Complete mini, Roche Diagnostics, Mannheim, Germany), then stored at −70°C until the evaluation of the total and specific (to Salmonella surface proteins) IgA by immunoenzymatic assay (EIA).
After washing, intestinal segments were processed for the purification of lamina propria lymphocytes as described previously (Resendiz-Albor et al. 2010) . In brief, intestinal samples (free of feces and Peyer's patches) were turned outward by inserting an iron crochet needle. After that, intestinal segments were incubated with 1 mM EDTA diluted in Roswell Park Memorial Institute (RPMI) 1640 medium containing 1 % fetal calf serum (FCS), 50 μg/mL gentamicin, and 1 mM dithiothreitol (all from Sigma, St. Louis, MO, USA) and thereafter with 60 U/mL collagenase type IV (Sigma) diluted in RPMI with 1 % FCS and 50 μg/mL gentamicin. Single=cell suspensions of lamina propria lymphocytes were centrifuged in a discontinuous 40/ 70 % Percoll gradient (17-0891-01 GE Healthcare, Piscataway, NJ, USA). Lymphocytes from the interface were collected and washed with RPMI 1640 to determine the number of IgA+ plasma cells by flow cytometry (Resendiz-Albor et al. 2010) . Additionally, intestinal samples were scraped with a coverslip to collect whole mucosa samples (containing submucosa and mucosa layers) that were stored at −70°C. In whole mucosa and liver samples, the messenger RNA (mRNA) expression of α-chain, J-chain, and pIgR was analyzed by quantitative real-time reverse transcription polymerase chain reaction (RT-PCR) assays.
Bacterial plate count
Bacterial load from feces, liver, spleen, and Peyer's patches was determined by plate count and expressed as CFU per gram, according to a previously reported procedure (Drago-Serrano et al. 2010 ).
Total and specific IgA concentration Total protein concentration quantified by the Bradford assay was practically the same in all intestinal supernatants. For purposes of normalization, each sample was adjusted to the same protein concentration before proceeding with the estimation of total and specific IgA with the immunoenzymatic assay (EIA), according to a previously reported method (Drago-Serrano et al. 2010 ).
Levels of total IgA were expressed in microgram per milliliter, while IgA specific to S. typhimurium was quantified with absorbance values at λ = 490 nm (A 490 nm ).
IgA+ plasma cells
The single-cell suspensions of lamina propria lymphocytes were adjusted to 1 × 10 6 cells per milliliter in PBS. Cells were labeled with monoclonal antibodies: anti-CD19-PE, CD138-APC, and IgA-FITC (all from Becton Dickinson Biosciences, San Jose, CA, USA). Plasma cells were fixed, permeabilized, and stained according to the manufacturer's protocol for intracellular staining. The fluorescent signal intensity was recorded and analyzed in a FACSCalibur flow cytometer (Becton Dickinson Biosciences). For each sample, 20,000 events corresponding to the lymphocyte region were acquired and data were analyzed using Summit software version 4.3 (Dako, CO, USA). From these data, the frequency was expressed as the % of IgA+ CD19+/CD138+ cells using as denominator the total number of CD19+/CD138+ plasma cells (Resendiz- Fig. 1 Experimental protocol. After being individually housed and fed ad libitum from the 8 to 18 weeks of life, two groups of BALB/c mice were formed, each subjected to a distinct dietary protocol from 19 to 59 weeks of life: (a) intermittent fasting and (b) ad libitum feeding. At 60 weeks of life, each of these two groups was divided into an uninfected and two infected subgroups. The uninfected subgroup (n = 7) from each dietary regimen was sacrificed at 61 weeks of life. The other mice from each dietary regimen (n = 14) were sublethally infected at 60 weeks of life by intragastric route with S. typhimurium. Afterward, all infected animals were fed ad libitum in order to maximize their viability. Half of the infected mice from each dietary regimen (n = 7) were sacrificed on day 7 and the other half (n = 7) on day 14 postinfection, corresponding to the 61st and 62nd week of life, respectively . The latter in turn were gated from 20,000 events corresponding to the lymphocyte region.
mRNA levels of α-chain, J-chain, and pIgR Samples of whole mucosa and liver were submitted to a process of mRNA extraction and cDNA synthesis by real-time RT-PCR assay, according to a previously reported method (Viloria et al. 2011) . Specific oligonucleotide primers were originally generated by using the online assay design software (ProbeFinder: http:// www.universal-probelibrary.com) and the primer sequence for each gene that is shown in Table 1 . For α-chain, J-chain, and pIgR, mRNA levels were calculated with the comparative parameter threshold cycle (Ct) method and normalized to ribosomal RNA. Data are expressed as relative mRNA levels.
Corticosterone assay
Plasma corticosterone levels were determined by using a commercially available ELISA kit for corticosterone assay (ADI-901-097 Enzo Life Sciences, Plymouth Meeting, PA, USA). The corticosterone concentration in plasma samples was calculated from a standard curve and expressed in nanogram per milliliter.
Statistical analysis
Three independent assays were carried out, and data are presented as the mean ± SD computed from one representative assay. For statistical analysis, sample size of uninfected and infected groups was 7 (or 6 for some parameters), except for days 1-7 in relation to bacterial count in feces for both infected groups (n = 14, including mice sacrificed at 7 and 14 days post-infection). Body weight, food consumption, and caloric intake were analyzed by one-way analysis of variance (ANOVA) and the Student's t test. Bacterial load in feces was analyzed with one-way repeated measures (ANOVA) to look for differences between or within dietary regimens at 7 or 14 days. For the rest of the parameters, two-way ANOVA was performed to analyze differences between the two dietary regimens and the two post-infection days. If a significant main effect or association was identified, the means of the respective groups were compared using the Holm-Sidak method. For all tests, p ≤ 0.05 was considered significant. All analyses were performed using the SigmaPlot statistical software for Windows (version 2.03, SPSS, San Jose, CA, USA).
Results
Body weight, food consumption, and caloric intake assessment From 19 to 62 weeks of life, evaluation of body weight (g/week), food consumption (g/week), and caloric intake (kcal/week) was made (data not shown). According to the statistical analysis (ANOVA), no significant differences were found within each group (intermittent fasting or ad libitum feeding) when comparing uninfected and infected mice in regard to body weight (F 2,15 = 2.4, p = 0.13 and F 2,15 = 0.216, p = 0.809, respectively), food consumption (F 2,18 = 2.5, p = 0.1 and F 2,15 = 3.3, p = 0.064, respectively), or caloric intake (F 2,18 = 2.47, p = 0.11 and F 2,15 = 3.3, p = 0.064, respectively). Likewise, no significant differences were found (Student's t test) between the intermittent fasting and ad libitum feeding groups, either in uninfected (basal) mice or infected animals (on days 7 and 14 post-infection) in regard to body weight (Student's t test: for the basal group, t = 0.213, df = 10, p = 0.084; for 7 days of infection, t = 2.28, df = 8, p = 0.052; for 14 days of infection, t = 0.287, df = 8, p = 0.781), food consumption (Student's t test: for the basal group, t = 2.065, df = 11, p = 0.063; for 7 days of infection, t = 0.133, df = 11, p = 0.897; for 14 days of infection, t = 1.671, df = 11, p = 0.123), and caloric intake (Student's t test: for the basal group, t = 1.846, df = 10, p = 0.092; for 7 days of infection, t = 0.162, df = 11, p = 0.874; for 14 days of infection, t = 1.981, df = 11, p = 0.073).
Intermittent fasting reduced bacterial colonization at the intestinal and systemic levels A significant effect of infection on fecal bacterial load was found during 14 days in the intermittent fasting group (F 13,120 = 3592.423, p < 0.001) and ad libitum group (F 13,120 = 2301.112, p < 0.001). Considering the former group, a significant difference was found in the fecal bacterial load between most of the 14 days in which this parameter was evaluated (p < 0.001). The exceptions were days 2 vs 11 (p = 0.088), 3 vs 9 (p = 0.182), 3 vs 1 (p = 0.270), 14 vs 1 (p = 0.421), and 13 vs 14 (p = 0.797). Likewise, considering the infected group of mice with ad libitum feeding, a significant difference was found in the fecal bacterial load between almost all of the 14 days of evaluation (p < 0.001). The exceptions were days 2 vs 12 (p = 152) and 11 vs 3 (p = 0.573). The fecal bacterial load reached a peak in the intermittent fasting group at 6 days and in the ad libitum group at 7 days post-infection. Comparing the fecal bacterial load between the infected mice of the two dietary regimens, the intermittent fasting group had a lower level than the ad libitum feeding group on almost all days of assessment (p < 0.001), with the exception of day 3 (t = 1.98, df = 26, p = 0.058) (Fig. 2a) . Regarding bacterial load in the organs, there was a significant interaction between diet and infection. This difference was found in Peyer's patches (F 2,30 = 74.58, p < 0.001), spleen (F 2,30 = 11.65, p < 0.001), and liver (F 2,30 = 101.511, p < 0.001). Comparing the organs of infected mice of the two dietary regimens, mice with intermittent fasting had a higher bacterial load in Peyer's patches on day 7 but a lower level on day 14 and a lower bacterial load in spleen and liver on both of these days (p < 0.001). The organs of all infected mice had a higher bacterial load on day 14 than day 7 postinfection (p < 0.001). The infected groups of each dietary regimen had a higher bacterial load than their corresponding uninfected group (p < 0.001). Differences in CFU per gram were not found between the uninfected groups of the two dietary regimens (p = 1.00 all organs, Fig. 2b-d ).
Intermittent fasting increased intestinal levels of total IgA
The analysis of IgA antibodies (specific and total) and IgA+ plasma cells indicates that the interaction between diet and infection was statistically significant for total IgA antibody (F 2,30 = 3.85, p = 0.029), specific IgA (F 2,30 = 127.45, p < 0.001), and IgA+ plasma cells (F 2,30 = 37.436, p < 0.001). A higher level of total IgA in intestinal supernatants was found in infected animals with intermittent fasting than those with ad libitum feeding, and this also was true also for uninfected mice (p < 0.001). Within the intermittent fasting and ad libitum feeding groups, there was a higher level of total IgA on day 14 than day 7 post-infection (p < 0.001, Fig. 3a) . Within the intermittent fasting group, total IgA levels in infected versus uninfected animals were not different on day 7 (p = 0.273) but were higher on day 14 (p < 0.001). Within the ad libitum feeding group, this parameter was higher in infected versus uninfected animals on both days (p = 0.005 for day 7, p < 0.001 for day 14).
Comparing the infected mice of the two dietary regimens, the specific anti-Salmonella IgA response found in intestinal supernatants was lower on day 7 and higher on day 14 for animals with intermittent fasting (p < 0.001). Within each dietary regimen, specific IgA levels were higher on day 14 than day 7 post-infection (p < 0.001). Considering the mice with intermittent fasting, specific IgA levels of the infected animals were not different on day 7 (p = 0.065) but higher on day 14 (p < 0.001) compared to those uninfected. Considering the mice with ad libitum feeding, specific IgA levels were higher on both post-infection days compared to the uninfected animals (p < 0.001, Fig. 3b) . No differences were found in this parameter between the uninfected groups of the two dietary regimens (p = 0.591).
Comparing the frequency of lamina propria IgA+ plasma cells between the infected mice of the two dietary regimens, animals with intermittent fasting had a lower percentage on day 7 and a higher percentage on day 14 (p < 0.001) than those with ad libitum feeding. Within both dietary regimens, this parameter was higher on day 14 than day 7 post-infection (p < 0.001). Compared to the corresponding uninfected group, the infected mice of each dietary protocol showed a lower frequency of IgA+ plasma cells on day 7 and a higher percentage on day 14 (p < 0.001). Considering the uninfected groups, the frequency of IgA+ plasma cells was higher in the animals with intermittent fasting than those with ad libitum feeding (p < 0.001, Fig. 3c) .
At the intestinal level, intermittent fasting decreased α-chain and J-chain mRNA on day 7 post-infection, while increasing pIgR mRNA on day 7 and decreasing it on day 14 Analysis of mRNA parameters associated with intestinal IgA showed a statistically significant interaction between diet and infection for α-chain mRNA (F 2,30 = 18.66, p < 0. 001), J-chain mRNA ( F 2,30 = 48.551, p < 0.001), and pIgR mRNA (F 2,30 = 11.356, p < 0.001).
Comparing the α-chain and J-chain mRNA expression in whole mucosa samples between the infected mice of the two dietary regimens, a lower expression was found for animals with intermittent fasting on day 7 (p < 0.001), and no differences were found on day 14 (p = 0.197 for α-chain mRNA, p = 0.921 for J-chain mRNA). Within each dietary regimen, the infected mice had a higher mRNA level of α-chain and J-chain on day /g recorded daily in feces during 14 days post-infection expressed as the mean ± SD of 12 mice per group for days 1-7 and 6 mice per group for days 8-14. CFU per gram was expressed as the mean ± SD of six mice per group was recorded on days 7 and 14 post-infection in the following: b Peyer's patches, c spleen, and d liver. Significant differences were found: (i) between the infected and uninfected (basal = Ctrl) groups within each dietary regimen (***p < 0.001), (ii) between infected mice with long-term intermittent fasting (followed by ad libitum feeding) and infected animals with long-term ad libitum feeding, at day 7 and day14 post-infection, and (iii) between the two infected subgroups of each dietary regimen, comparing day 7 with day 14 post-infection (p value above solid line) 7 than day 14 post-infection (p < 0.001, except p = 0.032 for α-chain of the intermittent fasting group). Compared to their corresponding uninfected group, the infected mice with intermittent fasting had lower levels of α-chain and J-chain mRNA on both post-infection days (p < 0.001), while the infected animals fed ad libitum had higher levels of these two parameters on day 7 and lower levels on day 14 (p < 0.001, except p = 0.018 for α-chain on day 7). No differences in these parameters were found between the uninfected groups of the two dietary regimens (p = 1.0 α-chain; p = 0.712 J-chain, Fig. 4a, b) .
Compared to the infected mice with ad libitum feeding, infected animals with intermittent fasting showed a higher level of pIgR mRNA expression on day 7 (p < 0.001) and a lower level on day 14 (p = 0.008). Regarding the infected groups of each dietary regimen, there was a higher level of pIgR mRNA expression on day 14 than day 7 (p < 0.001). Considering the intermittent fasting groups, there were no differences in pIgR mRNA expression between the uninfected group and each of the infected groups (p = 0.039 for day 7, p = 0.098 for day 14). Considering the ad libitum feeding groups, the level of pIgR mRNA in infected mice was lower on 7 days and higher on 14 day compared to the uninfected group (p < 0.001). No difference in this parameter was found between the uninfected groups of the two dietary regimens (p = 1, Fig. 4c ).
Intermittent fasting decreased IgA mRNA and increased pIgR mRNA in the liver of infected mice Analysis of parameters associated with hepatic IgA mRNA showed that the interaction between diet and infection was not significant for α-chain mRNA (F 2,30 = 1.569 p < 0.229) but was indeed significant for J-chain mRNA (F 2,30 = 63.24, p < 0.001) and pIgR mRNA (F 2,30 = 67.714, p < 0.001).
Transcriptional analysis of IgA was also performed in liver, since, in the proximal intestine of rodents, this antibody derives mostly from hepatobiliary transport from the blood to bile via pIgR transcytosis (Brown and Kloppel 1989) . Compared to infected ad libitum mice, infected intermittent fasting animals had lower mRNA levels of α-chain on 7 days (p < 0.001) but similar levels on day 14 (p = 0.178) and higher levels of J-chain mRNA on day 14 (p < 0.001) but similar levels on day 7 (p = 0.511). Considering the infected intermittent fasting groups, mRNA expression of α-chain and J-chain was higher on day 14 versus day 7 (p < 0.001). Considering the infected ad libitum feeding groups, α-chain mRNA expression was also higher on day 14 versus day 7 (p < 0.001), but J-chain mRNA expression was similar on both post-infection days (p = 0.615). Compared to the corresponding uninfected group, infected mice with intermittent fasting showed higher mRNA expression of α-chain and J-chain on day 14 (p < 0.001) and similar expression of these parameters on day 7 (p = 0.459 for α-chain, p = 0.250 for Jchain), while infected animals with ad libitum feeding had higher mRNA expression of α-chain on days 7 (p = 0.042) and 14 (p < 0.001) but similar levels of Jchain mRNA on both post-infection days (p = 0.172 for day 7, p = 0.067 for day 14). Between the uninfected groups of the two dietary regimens, no differences were found in the mRNA levels of α-chain (p = 0.951) or Jchain (p = 0.067) (Fig. 5a, b) .
Compared to the infected mice with ad libitum feeding, infected animals with intermittent fasting had higher pIgR mRNA expression in liver on days 7 and 14 (p < 0.001). Considering the infected mice with intermittent fasting, there was a higher pIgR mRNA expression on day 14 than day 7 (p < 0.001). Considering the infected animals with ad libitum feeding, no differences were found between these two days (p = 0.637). Compared to the corresponding uninfected group, the infected mice with intermittent fasting had higher pIgR mRNA Fig. 3 From intestinal supernatants in mice with long-term intermittent fasting (followed by 2 weeks of ad libitum feeding post-infection) and from animals with long-term ad libitum feeding, levels were determined of a total IgA in microgram per milliliter and b specific IgA to Salmonella typhimurium in absorbance values at λ = 490 nm (A 490 nm ). From intestinal lamina propia, determination was made of c the frequency of IgA+ plasma cells (expressed as percentage of IgA+ relative to the total CD19+ CD138+ plasma cells). Values are expressed as the mean ± SD of six mice per group from one representative assay. Significant differences existed (i) between the infected vs uninfected (Ctrl) subgroups within each dietary regimen (***p < 0.001 or p = 0.005 for total IgA of infected ad libitum group day 7), (ii) between infected mice with intermittent fasting and infected animals with ad libitum feeding, at day 7 and day 14 post-infection, and (iii) between the two infected subgroups of each dietary regimen, comparing day 7 with day 14 post-infection (p value above solid line) expression on days 7 and 14 (p < 0.001), while the infected animals with ad libitum feeding showed no difference in this parameter on either of these days (p = 0.489 for day 7, p = 0.249 for day14). No significant differences were found between the uninfected groups of the two dietary regimens (p = 1.0) (Fig. 5c ).
Intermittent fasting produced no effects on corticosterone levels in infected mice
Corticosterone was chosen as a biomarker to assess the stress response elicited by intermittent fasting (Wan et al. 2003) . Interaction between diet and infection was statistically significant for corticosterone levels (F 2,30 = 6.313, p = 0.005). Comparing the infected mice of the two dietary regimens, corticosterone levels were lower in the intermittent fasting group on day 7 (p = 0.004) but similar in these two groups on day 14 (p = 0.226). Considering the infected mice within each dietary regimen, no differences were found in this parameter between day 7 and day 14 for either the intermittent fasting (p = 0.050) or ad libitum group (p = 0.878). In comparison with the corresponding uninfected group, infected mice with intermittent fasting showed no significant difference in corticosterone level on either day of assessment (p = 0.184 for day 7, p = 0.497 for day 14), while infected animals with ad libitum feeding had a higher level of this parameter on days 7 and 14 (p < 0.001). On the other hand, there were no differences in corticosterone levels between the uninfected groups of the two dietary regimens (p < 0.074) (Fig. 6 ).
Discussion
The intermittent fasting protocol is known to lengthen the life span of laboratory animals and provide health benefits (Goodrick et al. 1982; Johnson et al. 2006) . A late-onset intermittent fasting protocol was chosen for this study because it provides greater benefits than an early-onset protocol in regard to retarding the ageassociated detrimental effects ascribed to oxidative damage (Singh et al. 2012) .
Some methodological considerations must be mentioned in regard to the decision to refer to the uninfected groups as Bbasal^rather than Bcontrol.^The uninfected group with intermittent fasting was not a control group in the strict sense, given that infected mice but not uninfected animals under this dietary regimen were switched back to ad libitum feeding at the beginning of the 60th week. Additionally, the age of the uninfected groups matched that of their infected counterparts only on day 7, not on day 14 post-infection.
The mice with intermittent fasting were fed ad libitum after infection in order to maximize their viability, given that the vulnerability to salmonella infection in susceptible animals like BALB/c and C57BL/6 mice (Simon et al. 2011 ) increases with age, as has been described for the C56BL/6 strain (Ren et al. 2009 ). Compared to ad libitum feeding, intermittent fasting had no significant impact on body weight, food consumption, and caloric intake of mice prior to infection, as was found in mature BALB/c mice under this dietary regimen in a previous study (Godinez-Victoria et al. 2014) . The underlying mechanism of energy maintenance under conditions of intermittent fasting in middle-aged mice is unknown, but gorging on nonfasting days triggers β-hydroxybutyrate, a fat derivative used as an alternative energy supply under conditions of limited availability of glucose and insulin-like growth factor 1(IGF-1). Interestingly, the latter is associated with longevity (Anson et al. 2003) .
Compared to the group with long-term ad libitum feeding, long-term intermittent fasting (weeks 19 to 59) followed by post-infection ad libitum feeding (weeks 60-61 or 60-62) had no significant influence on body weight, food consumption, or caloric intake. Regarding long-term intermittent fasting, the influence on the maintenance of body weight and caloric intake has been described in assays based on the paradigmatic model of alternate cycles of intermittent fasting and ad libitum feeding (Hill et al. 1987) . Considering the Fig. 4 In mice with long-term intermittent fasting (followed by 2 weeks of ad libitum feeding post-infection) and animals with long-term ad libitum feeding, determinations were made of intestinal mRNA expression of a α-chain, b J-chain, and c pIgR. Values are expressed as the mean ± SD of six mice per group. Significant differences existed (i) between the infected and uninfected (Ctrl) groups within each dietary regimen (***p < 0.001 or p = 0.018 for α-chain mRNA of infected ad libitum group day 7), (ii) between infected mice with intermittent fasting and infected animals with ad libitum feeding, at day 7 and day 14 post-infection, and (iii) between the two infected subgroups of each dietary regimen, comparing day 7 with day 14 post-infection (p value above solid line) present protocol of intermittent fasting, the underlying mechanism of reducing energy expenditure is unknown. However, assays using repeated cycles of intermittent fasting and ad libitum feeding suggest that this mechanism may involve reduced thermogenesis in brown adipose tissue (Desautels et al. 1988 ), greater lipoprotein lipase activity (Hill et al. 1987) , and/or higher Fsp27 gene expression involved in lipid storage (Karbowska et al. 2012) .
Assays in rat and mouse models of infection have documented that there is an age-related increase in post-infection weight loss and susceptibility to S. typhimurium infection (Bradley and Kauffman 1990; Emmerling et al. 1979; Ren et al. 2009 ). According to the current results with middle-aged mice, the impact of intermittent fasting on the maintenance of caloric intake prior to infection may have established the homeostatic conditions that enhanced resistance to subsequent S. typhimurium infection.
Regarding susceptibility to S. typhimurium infection, it must be pointed out why the IgA response was herein analyzed in the duodenum. Most studies have analyzed the bacterial load in Peyer's patches from the distal small intestine, regarded as the preferred sites of colonization and invasion of S. typhimurium (Watson and Holden 2010) . Nevertheless, this pathogen transits through the proximal region to arrive to Peyer's patches of the distal intestinal segment of the small intestine (Griffin and McSorley 2011) . The luminal surface of the duodenum has a high content of food-digestive enzymes and bile salts, providing erosive conditions that are overcome by S. typhimurium. This pathogen is endowed with virulence factors that enable it to survive harsh environment conditions (Rychlik and Barrow 2005) . Thus, the duodenum is a critical point that tests the endurance of S. typhimurium on its way to the distal small intestine, where it traverses Peyer's patches to eventually invade systemic organs (Rychlik and Barrow 2005) . Fig. 5 In mice with long-term intermittent fasting (followed by 2 weeks of ad libitum feeding post-infection) and animals with long-term ad libitum feeding, determinations were made of hepatic mRNA expression of a α-chain, b J-chain, and c pIgR. Values are expressed as the mean ± SD of six mice per group. Significant differences existed (i) between the infected and uninfected (Ctrl) groups within each dietary regimen (***p < 0.001 or p = 0.042 for α-chain mRNA of the infected ad libitum group at day 7), (ii) between infected mice with intermittent fasting and infected animals with ad libitum feeding, at day 7 and day 14 postinfection, and (iii) between the two infected subgroups of each dietary regimen, comparing day 7 with day 14 post-infection (p value above solid line) Fig. 6 In mice with long-term intermittent fasting (followed by 2 weeks of ad libitum feeding post-infection) and animals with long-term ad libitum feeding, determinations were made of plasma corticosterone levels (ng/mL). Values are expressed as the mean ± SD of six mice per group. Significant differences existed (i) between the infected and uninfected (Ctrl) groups within each dietary regimen (***p < 0.001), (ii) between infected mice with intermittent fasting and infected animals with ad libitum feeding, at day 7 and day 14 post-infection, and (iii) between the two infected subgroups of each dietary regimen, comparing day 7 with day 14 post-infection (p value above solid line)
Given the pivotal role of the duodenum in the capacity of the host immune response to counteract an S. typhimurium infection (Godínez-Victoria et al. 2014) , in the present study, the IgA responses were analyzed in this segment of the small intestine. Adding further importance to this intestinal segment, transport of S. typhimurium from the intestinal tract to systemic organs via mesenteric lymph nodes occurs at the intracellular level by CD11c+ lamina propria cells (Uematsu et al. 2006) . CD11c+ is a dendritic cell population that includes CD103+ CD11b+ subpopulation distributed preferentially in the duodenum (Mowat and Agace 2014; Pearson et al. 2013) .
As aforementioned, evidence of increased susceptibility of older mice to S. typhimurium infection was reported as greater bacterial colonization of Peyer's patches, spleen, and liver (Ren et al. 2009 ). Compared to the mice fed ad libitum in the present study, animals with long-term intermittent fasting had decreased bacterial colonization of Peyer's patches, spleen, and liver as well as an increased total IgA antibody response. Intestinal IgA is known to contribute to resistance against S. typhimurium infection by hampering gut bacterial colonization of the lumen and enhancing clearance. These effects in turn decrease bacterial translocation to the spleen and liver (Griffin and McSorley 2011; Mastroeni 2002; Michetti et al. 1992; Wijburg et al. 2006) .
In addition to the essential role of IgA in luminal bacterial clearance, other components not measured in this study may have contributed to the enhancement of bacterial resistance induced by intermittent fasting. For example, it is known that phagocytes have an important role in the systemic control of Salmonella infection by killing bacteria translocated to the spleen and liver (Mastroeni 2002) .
Both in a previous study with mature mice (GodinezVictoria et al. 2014 ) and the present study with middleaged mice, long-term intermittent fasting (followed by 2 weeks of post-infection ad libitum feeding) decreased the bacterial load in Peyer's patches (day 14) and feces during all days post-infection except day 3 at the intestinal level and up-modulated total IgA, specific IgA, and the number of IgA+ plasma cells (the latter two only on day 14). The present protocol of long-term intermittent fasting had a metabolic impact, evidenced by the maintenance of body weight and avoidance of energy expenditure. This was probably critical for resistance during the salmonella infection. Additionally, switching to ad libitum feeding after intermittent fasting may have also contributed to the higher responses seen on day 14 than day 7 post-infection, referring to IgA, IgA plasma cells, and hepatic pIgR mRNA expression. That is, switching to ad libitum feeding would reset circadian rhythms involved in the attenuation of aging, leading to a synchrony of metabolic and physiological events (Froy and Miskin 2010) . The latter may underlie metabolic pathways for counteracting the deleterious effects of age on intestinal immunity, thus improving the IgA responses for bacterial resolution (Schmucker et al. 2003; Michetti et al. 1992; Wijburg et al. 2006) .
Unlike in the previous study with mature mice (Godinez-Victoria et al. 2014) , in the present study, intermittent fasting (followed by 2 weeks of postinfection ad libitum feeding) down-modulated intestinal α-and J-chain mRNA expression on day 7. This suggests that S. typhimurium infection following intermittent fasting (1) did not counteract the effects of age on the down-modulation of α-and J-chain transcripts for specific IgA synthesis, probably because of decreasing the maturation of IgA immunoblasts (Schmucker et al. 2003; Thoreux et al. 2000) , and (2) increased the level of total IgA. The latter increase probably resulted from a greater number of IgA+ plasma cells derived from an existing pool of IgA+ B cell clones, which would come from IgM+ B cell precursors that underwent IgA class switch recombination (Suzuki and Fagarasan 2009) .
Hepatic expression of α-and J-chain transcripts was herein analyzed in order to address the impact of the present protocol of long-term intermittent fasting on the contribution of the liver to the intestinal IgA response (Brown and Kloppel 1989) . Regarding the infected ad libitum mice in the intermittent fasting group, the hepatic level of α-chain mRNA was lower on day 7 and similar on day 14, while that of J-chain RNA was higher on day 14 and similar on day 7. Contrarily, both parameters were previously reported to decrease in mature mice undergoing intermittent fasting followed by infection with S. typhimurium (Godinez-Victoria et al. 2014) . Under conditions of infection, therefore, the effect of intermittent fasting on the increased α-chain and J-chain mRNA expression is modulated by age.
In this study, a presumable contribution of the liver to intestinal IgA levels was related to the increase in pIgR mRNA levels. Most IgA in the proximal intestine of rodents results from the hepatobiliary transport of this antibody from blood to bile via pIgR transcytosis (Asano and Komiyama 2011; Brown and Kloppel 1989) . The current results indicate that the present protocol of intermittent fasting (followed by 2 weeks of ad libitum feeding) enhanced hepatic pIgR mRNA levels to a greater extent on day 14 than day 7 post-infection, while increasing this parameter at the intestinal level on day 7. It has been documented that age leads to a decline in pIgR expression (Yanagihara et al. 2004) . However, in the middle-aged mice used presently, the present protocol of intermittent fasting followed by bacterial infection resulted in greater up-modulation of pIgR mRNA in liver than previously reported in mature mice (Godinez-Victoria et al. 2014) .
These findings suggest that the up-modulating influence of intermittent fasting (followed by ad libitum feeding) on pIgR mRNA may explain, in part, the increased level of IgA by favoring hepatic (and intestinal) transcytosis of this antibody derived from an existing pool of IgA+ plasma cells. When comparing older and younger BALB/c mice, it has also been found that with age, there is greater bactericidal activity following salmonella uptake by macrophages (Smallwood et al. 2011) .
With long-term intermittent fasting (followed by 2 weeks of ad libitum feeding), the mechanism underlying the elicitation of pIgR mRNA is unknown but may result from metabolic signals that promote transcriptional expression of the tumor necrosis factor (TNF)-α, as reported for mice under short-term caloric restriction followed by a return to ad libitum feeding (Kliewer et al. 2015) . Although expression of pIgR is constitutive, it also can be modulated by pro-inflammatory cytokines such as TNF-α (Asano and Komiyama 2011) .
Intermittent fasting is known to elicit a hypothalamus-pituitary-adrenal (HPA) axis stress response, causing corticosterone release into the blood stream (Wan et al. 2003) . Moreover, corticosterone modulates the expression of IgA and pIgR under conditions of stress (Jarillo-Luna et al. 2007; Reyna-Garfias et al. 2010) .
However, the present protocol of long-term intermittent fasting did not influence corticosterone levels in middle-aged mice. This result is in contrast to the upand down-modulation found previously with the same protocol used for mature mice (Godinez-Victoria et al. 2014) . Corticosterone levels found in this study may reflect an adaptation to stress signals elicited by longterm intermittent fasting followed by bacterial infection and 2 weeks of ad libitum feeding. Corticosterone has a role in adaptive changes that avoid energy expenditure and facilitate the replenishment of stored fat, as evidenced by a previous report of low caloric intake followed by a return to ad libitum feeding (Dulloo et al. 1990) .
As described in mature mice without infection, intermittent fasting triggered the total IgA and IgA plasma cell responses whereas up-or down-modulated the α-chain, J-chain, and pIgR mRNA expression at intestinal and hepatic levels, respectively (Godinez-Victoria et al. 2014 ). In the current study, the only significant changes found in uninfected mice under intermittent fasting were an increase in total levels of IgA and a greater frequency of IgA+ plasma cells. This indicates that the modulatory role of intermittent fasting on IgA and IgA-associated parameters depends not only on age but also on health status.
The high anti-salmonella IgA levels in the uninfected groups of both dietary regimens may be explained by the cumulative increase in the luminal IgA response caused by aging (Ebersole et al. 1985) . Compared to the ileum and colon, colonization of the duodenum by commensal microorganisms is lower (Mowat and Agace 2014) . However, the ability of microbiota to induce anti-salmonella IgA production in an antigenunspecific manner (Wijburg et al. 2006 ) cannot be ruled out in this intestinal region. Furthermore, aging substantially decreases the ability of IgA to bind to bacterial antigens (Senda et al. 1988 ).
An obvious limitation of the present study is that some parameters were analyzed only at the transcriptional (not protein) level and were not evaluated in the spleen, one of the main systemic targets of S. typhimurium. Nevertheless, we herein provide experimental evidence of the role of intermittent fasting in enhancing resistance to S. typhimurium infection in middle-aged mice. Future studies are needed to address the possible impact of intermittent fasting on typhoid infection in middle-aged humans. Although in this study, long-term intermittent fasting enhanced resistance to salmonella infection, future studies should address its potential impact on cumulative metabolic abnormalities related, for example, to insulin resistance, as described with short-term intermittent fasting followed by a return to ad libitum feeding (Kliewer et al. 2015) .
In conclusion, long-term intermittent fasting (followed by 2 weeks of ad libitum feeding postinfection) in middle-aged mice led to lower intestinal and systemic bacterial loads after S. typhimurium infection as well as higher total intestinal IgA (with or without infection), compared to animals with long-term ad libitum feeding. This increase in IgA was associated with enhanced pIgR mRNA expression in the intestine on day 7 and in the liver on day 7 and 14 post-infection. On the other hand, there were no differences between the animals of these two dietary regimens in corticosterone levels, body weight, or food and caloric intake. Hence, it is possible that the present protocol of intermittent fasting elicited metabolic signals for the maintenance of body weight and caloric intake, which in turn may have induced greater hepatic and intestinal pIgR mRNA. The increase found presently in intestinal IgA levels was probably due to augmented intestinal IgA transcytosis via pIgR. It is likely that there was a synergistic effect between the relatively high level of intestinal IgA and the killing of bacteria in systemic organs by phagocytes (not measured herein) to resolve the S. typhimurium infection.
